The risk of radiation-induced cancer has become a major concern with the increasing use of computed tomography (CT). Purpose: To compare image quality and radiation doses when decreasing X-ray tube peak kilovoltage (kVp) from 120 to 100 kVp in patients undergoing coronary CT angiography (CCTA). Material and Methods: Patients referred for evaluation of suspected coronary artery disease (CAD) underwent 64-channel detector CCTA using a tube voltage of either 120 kVp ( n ϭ 46) or 100 kVp ( n ϭ 82). The individual volume CT dose index (CTDI vol ) and dose length product (DLP) were recorded and effective radiation dose was estimated on the basis of DLP. Subjective image quality was assessed by two radiologists on per-patient based consensus. Vascular density and image noise were quantifi ed in the left main coronary artery (LMCA) and proximal ascending aorta (AA). Mean density in the adjacent perivascular tissue was also quantifi ed. Contrast-to-noise ratio (CNR) was calculated. Corresponding invasive coronary angiography (ICA) was performed, which constituted the gold standard. Results: Mean values in the 100/120 kVp cohorts regarding CNR in the LMCA were 12.7/16.0 ( P Ͻ 0.0001)) and in the AA 13.2/17.2 ( P Ͻ 0.0001), CTDI vol 34.4/57.4 mGy (a 40% reduction, P Ͻ 0.0001), DLP 578/1125 mGy ϫ cm ( P Ͻ 0.0001), and estimated effective dose 9.6/20.2 mSv ( P Ͻ 0.0001). There was no statistically signifi cant difference in subjective image quality between the two cohorts. The sensitivity to detect signifi cant coronary stenoses was 88% (120 kVp) and 84% (100 kVp) and the specifi city was 71% (120 kVp) and 74% (100 kVp), respectively. Conclusion: By reduction of tube voltage from 120 to 100 kVp at CCTA, while keeping all other scanning parameters unchanged, the radiation dose to the patient can be almost halved while keeping the diagnostic image quality at a clinically acceptable level.
The risk of radiation-induced cancer has become a major public concern with the increasing use of computed tomography (CT) including coronary CT angiography (CCTA) for diagnosis of cardiovascular diseases (1 -3). The mean effective radiation dose produced when using a 64-channel detector CT with retrospective electrocardiographically (ECG) gated CCTA technique has been reported to range between 8 and 18 mSv (3).
Apart from only performing CCTA for appropriate indications, thereby avoiding unnecessary radiation exposure (4 -6), several techniques to reduce radiation exposure at CCTA have been described (6, 7) . These include, for example, limitation of the z-axis coverage to the minimum requirement (6 -8), using ECG-gated tube current modulation to lower the tube current during mid-diastole (6, 7, 9) and lately prospectively DOI 10.3109/02841851.2010 DOI 10.3109/02841851. .504740 © 2010 Informa Healthcare ACTA RADIOLOGICA ORIGINAL ARTICLE ECG-gated CCTA with further lowering of the radiation dose (7, 10 -12) . However, the latter technique requires a low and regular heart rate and functional cardiac analyses cannot be performed. In many hospitals retrospective gating is still the standard technique.
By lowering the X-ray tube potential while keeping the other scanning parameters unchanged, the radiation dose to the patient will decrease by a factor roughly equal to the quotient between the fi nal and initial peak kilovoltage (kVp) to the power of 2. 0 -2.5 (13, 14) . As the radiation intensity to the detectors also will decrease, an increased image noise will follow. At the same time the spectrum of photon energies will move closer to the k-edge of iodine (33.2 keV). This in turn results in an increased attenuation of photons by the iodine atoms (14, 15) , which is why the fi nal result may be a relatively unchanged contrast-to-noise ratio (CNR), an objective parameter to characterize image quality (16).
Some studies have been published on the possibility of using 100 kVp instead of the traditional 120 kVp for CTCA (9, 17 -19) . These studies focused mainly on the radiation reduction and mainly involved non-obese patients. According to the ALARA concept (As Low As Reasonably Achievable) (20), the radiation dose should be decreased to a level where the image quality is still reasonably adequate for diagnostic purposes. However, adequate diagnostic image quality for CTCA has yet to be defi ned.
The purpose of this study was to compare image quality and radiation doses when decreasing X-ray tube peak kilovoltage (kVp) from 120 to 100 kVp in patients undergoing CCTA.
Material and Methods

Study population
This prospective study included 170 consecutive patients with suspected or known coronary artery disease (CAD) between November 2005 and June 2007 who underwent both invasive coronary angiography (ICA) and CCTA. Exclusion criteria included known adverse reactions to iodine contrast media, renal dysfunction with an estimated creatinine clearance Ͻ 50 ml/min according to the Cockcroft-Gault equation based on adjusted body weight (21), atrial fi brillation, age Ͻ 50 years, and missing proper radiation dose recordings. The patients underwent CCTA using a tube voltage of either 120 kVp ( n ϭ 88) or 100 kVp ( n ϭ 82). We used two different contrast media with different concentrations in the 120 kVp cohort due to another study (22) . To avoid different impact on image quality, only examinations with one of the contrast media were included. The fi nal numbers of patients in the two cohorts were 46 in the 120 kVp cohort and 82 in the 100 kVp cohort. Patients ' age, gender, height, body weight, and heart rate were recorded, and body mass index (BMI) was calculated. The local ethical committee approved the study. Written informed consent was obtained from all study participants.
Coronary CT angiography protocol
All examinations were performed on a 64-channel detector scanner (LightSpeed VCT; GE Healthcare, Milwaukee, Wisc., USA). Forty-six patients were examined at 120 kVp and 82 patients at 100 kVp, while all other scanning parameters were kept unchanged. The rotation time was 350 ms, collimation 64 ϫ 0.625 mm, pitch 0.16 -0.24, matrix 512 ϫ 512, and a standard reconstruction algorithm was used. All examinations used ECG-gated tube current modulation with the minimum tube current set to 250 mA and the maximum set to 650 mA. Contrast medium (iomeprol, Iomeron ® 400 mg I/ml, Initios Medical AB, Stockholm, Sweden) was injected a rate of 5 ml/s using a dual-head injector (Medrad, Stellant Dual Head Injector, Pittsburgh, Pa., USA). First a test bolus (15 ml iomeprol mixed with 15 ml saline) was used to establish the individual circulation time for optimal timing of the diagnostic acquisition. A triple-phase contrast medium protocol was used for the coronary scanning: initially 50 ml iomeprol followed by a 50 ml mixture of 40% iomeprol and 60% saline, and fi nally a 50 ml saline chaser.
Invasive coronary angiography protocol ICA was performed by experienced operators according to standard techniques with a fl uoroscopy system (Philips Integris; Philips Medical Systems, Eindhoven, The Netherlands). Standard projections were used with additional projections if needed. All lesions obstructing more than 50% of the lumen diameter at ICA were considered clinically signifi cant. We excluded segments with stents or a proximal diameter less than 2 mm, and segments not interpretable by ICA. The coronary artery angiograms were independently analyzed with visual assessment by two board-certifi ed interventional cardiologists, without knowledge of the CCTA or clinical data. If no consensus was reached, the advice of a third observer was sought.
Evaluation of subjective image quality
Image analyses were performed at a dedicated workstation (Advantage Workstation 4.3, GE Healthcare). Two board-certifi ed senior radiologists, with level two competence (23, 24), subjectively classifi ed image quality on a per-patient basis regarding vascular density and noise in the coronary vessels. Classifi cations were made according to the four-point Likert scale (25): 4 ϭ excellent, 3 ϭ good, 2 ϭ adequate, 1 ϭ not evalu able. In case of disagreement between the two readers, a fi nal decision was reached by consensus. The readers, who were blinded to clinical and scan parameters, used axial views (0.6 mm) and made their own reconstructed multiplanar reformatted images (MPR), mainly curved MPR (0.6 -3.0 mm). They used individualized window settings, generally a window width between 800 and 1200 Hounsfi eld units (HU) and a window level between 100 and 200 HU.
Evaluation of objective image quality
To calculate signal-to-noise ratio (SNR), mean vascular density was measured in a circular region of interest (ROI) in the ascending aorta (AA) at the level of the origin of the left main coronary artery (LMCA) and in the LMCA (Fig. 1) . The ROI in the AA was defi ned as large as possible and the ROI in the LMCA had an area of at least 5 mm 2 , both with the aim of avoiding calcifi cations, artifacts, and partial volume effects. Image noise was defi ned as one standard deviation (SD) from the mean pixel values in Hounsfi eld units (HU) within the ROI in the AA on axial view with the thinnest slice (0.6 mm). To calculate CNR we also measured the mean attenuation in the adjacent perivascular tissue in the area close to the LMCA (Fig. 1 ). SNR and CNR were calculated accordingly:
SNR ϭ vascular density/image noise CNR ϭ (vascular density -perivascular density)/image noise Evaluation of diagnostic accuracy ICA and CCTA were compared on a per-segment level using the 18-segment model of the American Heart Association (26). ICA was considered the gold standard.
Radiation dose
Volume CT dose index (CTDI vol ) and dose length product (DLP) presented by the CT equipment were registered excluding topograms and bolus tracking scans. The effective dose per unit DLP (ED/DLP) conversion factor of 0.018 mSv ϫ mGy -1 ϫ cm -1 for chest with a LightSpeed VCT scanner was used to estimate the effective dose at 120 kVp (27). At 100 kVp an ED/DLP of 0.0166 mSv ϫ mGy -1 ϫ cm -1 was used since the ED/DLP conversion factor increases with 4.2% for each 10 kVp increase in X-ray tube potential (27).
Statistical methods and data management
The protocol with the use of a 120 kVp tube voltage was defi ned as the standard protocol and all of the parameters obtained with the 100 kVp protocol were compared with the parameters of the standard protocol. The quantitative variables were expressed as mean, median, and 2.5 -97.5 percentiles and the categorical variables as frequencies and/or percentages. Statistical comparisons to test differences in the continuous variables between the two cohorts were made by use of the Student ' s t test for uncorrelated means, after validation for normal distribution by use of the Shapiro Wilk test (28, 29) . To evaluate hypotheses of variables in contingency tables, the chi-square test was used or, in the case of small expected frequencies, Fisher ' s exact test. All analyses were carried out using a statistical software program (SAS for Windows, version 9.1; SAS Institute Inc., Cary, N.C., USA). In the case of a statistically signifi cant result the P value has been given.
Results
Patient characteristics
The patient characteristics are summarized in Table 1 . There were no differences in body weight, BMI, and heart rate between the two cohorts, while there were differences in age ( P Ͻ 0.05) and height ( P Ͻ 0.05).
Image quality
Measured image noise was lower and calculated SNR and CNR were higher ( P Ͻ 0.0001) in the 120 kVp cohort compared with the 100 kVp cohort (Table 2) . However, there was no statistically signifi cant difference regarding subjective image quality between the two cohorts; mean 3.4 and 3.1 on the Likert scale in the 120 and 100 kVp cohorts, respectively.
Diagnostic accuracy
In four patients in the 100 kVp cohort, image data could not completely be retrieved and comparison between ICA and CCTA could not be done, and the fi nal number of patients for comparing the accuracy was 46 in the 120 kVp cohort and 78 in the 100 kVp cohort. The total number of segments in the 120 kVp cohort was 577. In these segments ICA found 59 clinically signifi cant stenoses. Regarding these stenoses, CCTA had a sensitivity of 88% and specifi city of 71%.
In the 100 kVp cohort there were 956 segments and 160 stenoses. In this cohort CCTA had a sensitivity of 84% and specifi city of 74%.
Radiation exposure
The radiation dose parameters were lower ( P Ͻ 0.0001) in the 100 kVp cohort compared with the 120 kVp cohort ( Table 2 ). The mean CTDI vol , DLP, and estimated effective dose were reduced by 40%, 49%, and 52%, respectively, at 100 kVp. The recorded scan length was shorter ( P Ͻ 0.001) in the 100 kVp cohort compared with the 120 kVp cohort (mean value 13.5 cm vs 16.0 cm).
Discussion
This study demonstrates that by lowering the kVp, a reduction of at least 40% of the radiation dose can be achieved, depending on scan length. Other studies have found reductions of 25 -40% by using 100 kVp instead of the traditional 120 kVp (9, 17 -19) .
Comparison of the two cohorts in this study showed shorter scan lengths used in the 100 kVp cohort ( P Ͻ 0.001). Since shorter scan length will give proportionally decreased radiation dose, the shorter scan length in the 100 kVp cohort will convey approximately 16% of the total DLP and estimated effective dose reductions. The use of different scan lengths was an unplanned effect arising from the fact that the 120 kVp cohort subjects were scanned mainly before those in the 100 kVp cohort and the radiography technicians became more skilled in defi ning the necessary examination volume on the topogram during the study. According to the CTDI vol values in the present study, shifting from 120 to 100 kVp implies a dose reduction of 40% for the same scan length. The importance of minimizing the scan length in CCTA is well known (6 -8) and this study is a reminder that every extra centimeter gives the patient about 1 -2 mSv extra radiation dose, when the retrospective ECG-gated technique is used. To put these effective doses (100 kVp ϭ 9.6 mSv, 120 kVp ϭ 20.2) in context, a typical effective dose for coronary angiography is 5.6 mSv (30) and for a cardiac rest-stress scintigraphy (technetium-99m sestamibi) scan is 10 mSv (31). Despite the radiation reduction in our study there was no statistically signifi cant difference in subjective image quality between our two cohorts. Regarding objective image quality there was a difference with lower SNR and CNR in the 100 kVp cohort. Similar to other studies (9, 17 -19) , we observed an increase in image noise at 100 kVp compared with 120 kVp, as well as an increase in vascular density between the two cohorts (Fig. 2) . Because of the latter, some other studies have showed no signifi cant difference in CNR from examinations with 100 kVp compared to 120 kVp. PFLEDERER et al. (19) obtained a mean CNR of 12.9 in the proximal coronary arteries at 100 kVp and 13.2 at 120 kVp. HAUSLEITER et al. (9) achieved a CNR of 7.0 at 100 kVp and 6.4 at 120 kVp in the left ventricle. LESCHKA et al. (18) obtained a CNR 25.6 in the LCMA at 100 kVp and 20.5 at 120 kVp.
Since we found a mean CNR in the LMCA of 12.7 and a mean subjective image quality score of 3.1 in the 100 kVp cohort, the optimal levels of CNR in CCTA might be discussed. To our knowledge there is no defi nition of the minimum values of CNR for acceptable quality in the literature (16) (35) . In view of these defi nitions, our result for CNR in the 100 kVp cohort seems to be clearly acceptable for assessable examinations, even though it is lower than for the 120 kVp cohort.
This study has some limitations. First, there were different scan lengths in the cohorts, as described above, but the CTDI vol , which is independent of scan length, indicates a dose reduction of at least 40%. Second, the effective radiation doses were estimated and not measured, but the conversion factors we used (27) might be more correct than the conversion factor commonly used by other groups (9, 17 -19, 36) . Finally the patients in the 100 kVp cohort were signifi cantly older, and therefore the accuracy between the two cohorts might not be completely comparable. Fig. 2. (A, B) Curved multiplanar reconstructions of the right coronary artery demonstrating the image quality with different tube voltage (A, 120 kVp and B, 100 kVp) in two cases, both with BMI of 26 kg/m ² and CNR of 16. Both fi gures have window width 1000 HU and window level 200 HU. Note the increased vascular density and image noise in B (100 kVp).
In conclusion, this study shows that by reducing the X-ray tube voltage from 120 to 100 kVp at CCTA, while keeping all other scanning parameters unchanged, the radiation dose to the patient can be almost halved while keeping the diagnostic quality at a clinically acceptable level.
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